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Background: Given that aberrant glycosylation acts as a catalyst for tumorigenesis, elucidating Signal Sequence Receptor 2
(SSR2)’s specific patterns is essential to unlock its potential as a prognostic biomarker and clarify its mechanistic role in cancer
biology. This study aims to comprehensively characterize the expression landscape and functional significance of SSR2, a pivotal
subunit of the oligosaccharyltransferase complex, across normal human tissues and diverse malignancies.

Methods: In this investigation, we utilized advanced bioinformatics resources, including the Human Protein Atlas (HPA),
Genotype-Tissue Expression (GTEx), The Cancer Genome Atlas (TCGA), and CPTAC databases, to analyze the expression levels
of SSR2 across various human tissues and malignancies. The data were analyzed utilizing the Xiantao academic analysis tool.
We performed comparative analyses of SSR2 expression in cancerous and adjacent normal tissues, assessed survival outcomes
associated with SSR2 expression levels, and conducted mutation and methylation analyses using cBioPortal and other relevant
platforms.

Results: Our findings revealed that SSR2 was predominantly expressed in the pancreas, epididymis, and ovary. Notably, signif-
icant differences in SSR2 expression were observed between cancerous and adjacent normal tissues in bladder urothelial carci-
noma, breast cancer, and colorectal cancer. High levels of SSR2 correlated with poorer overall survival in adrenocortical carci-
noma, esophageal cancer, and clear cell renal carcinoma, while SSR2 expression exhibited a protective effect in ovarian serous
cystadenocarcinoma. Furthermore, SSR2 mutations were frequently observed in uterine sarcoma and liver cancer. Methyla-
tion analysis identified cg24557248, a CpG site, as a promising prognostic biomarker in clear cell renal carcinoma; increased
methylation at this site was linked to improved survival outcomes.

Conclusions: This study emphasizes the complex role of SSR2 in cancer biology, showcasing its potential as both a biomarker
and a therapeutic target. Furthermore, the link between SSR2 and tumor immune cell infiltration indicates its role in shaping
tumor microenvironments. Future investigations should aim to clarify how SSR2 affects tumor growth and immune regulation,
which could lead to innovative therapeutic approaches for cancer treatment.
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Introduction fluenced by genetic, epigenetic, and environmental factors

[3].

Cancer remains a leading cause of death worldwide These elements synergistically drive tumor initiation

and imposes a heavy financial burden on both patients and
society [1]. Nearly one in six deaths worldwide (16.8%)
is caused by cancer, and it accounts for about one in
four deaths (22.8%) among non-communicable diseases
(NCDs) [2]. Currently known treatment methods include
surgery, radiotherapy, and chemotherapy. However, these
methods are associated with significant side effects, is-
sues with drug resistance, and unsatisfactory survival rates.
Therefore, it is essential to investigate the molecular mech-
anisms of cancer and identify new therapeutic targets. Can-
cer occurrence and progression are complex processes in-

and metastatic progression. Recently, advances in molecu-
lar biology and bioinformatics have enabled researchers to
investigate the underlying molecular mechanisms of cancer
more comprehensively, with a specific focus on pinpointing
critical entities such as receptors and signaling proteins that
regulate tumor proliferation and therapeutic resistance [4].
Investigations into these biomolecules offer novel perspec-
tives and identify promising therapeutic targets for early
cancer detection and personalized medicine strategies.
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Signal Sequence Receptor 2 (SSR2), also known as
Translocon-associated protein subunit beta (TRAPS), is a
key membrane protein localized to the endoplasmic retic-
ulum (ER) [5]. As a component of the signal recognition
particle (SRP) receptor complex, it plays an indispensable
auxiliary role in cotranslational protein translocation, pri-
marily facilitating the recognition of signal sequences in
nascent polypeptide chains and aiding their passage through
the ER membrane into the lumen. At the molecular level,
SSR2 is a transmembrane protein whose precise topology
enables stable anchoring in the ER membrane and interac-
tion with other translocon components, such as the Sec61
complex, forming an efficient protein translocation chan-
nel. These structural characteristics underpin SSR2’s cen-
tral role in maintaining ER proteostasis and ensuring the
proper folding and localization of secretory and membrane
proteins. SSR proteins are believed to participate in protein
synthesis in eukaryotic cells. Notably, evidence indicates
that SSR2 is involved in the unfolded protein response in
the endoplasmic reticulum [6]. However, the role of SSR2
in tumor biology remains incompletely understood, and its
expression and function across different cancers have at-
tracted increasing research attention. At present, research
has found that SSR2 plays a key role in the progression
of liver cancer and contributes to drug resistance in gastric
cancer through different mechanisms. SSR2 holds potential
as a prognostic marker, a therapeutic target, and a target for
reversing drug resistance. Further validation of its function-
ality and clinical feasibility in other types of cancer will be
needed [7,8].

This study focuses on the human Signal Sequence Re-
ceptor 2 (SSR2) gene and its role in various cancers, as
its expression pattern is closely related to patient progno-
sis, while its molecular mechanisms and biological func-
tions remain unclear. This research gap shows the need
for the present study. We aim to comprehensively evalu-
ate SSR2’s expression, mutations, and methylation patterns,
and to explore its relationship with immune infiltration in
the tumor microenvironment, thereby clarifying the poten-
tial biological functions of SSR2 in cancer progression and
treatment. We applied thorough bioinformatics methods in
this study, utilizing publicly available databases, such as
Human Protein Atlas (HPA), Genotype-Tissue Expression
(GTEX), The Cancer Genome Atlas (TCGA), and cBioPor-
tal, to systematically analyze the expression patterns of the
SSR2 gene in various cancers. This approach enables the
integration of large-scale transcriptomic and genomic data,
providing a more complete understanding of SSR2 expres-
sion and its relationship with clinical outcomes across dif-
ferent oncological contexts. This will help uncover the po-
tential functions of SSR2 in cancer progression, assist in
the identification of new biomarkers and therapeutic tar-
gets, and promote the development of cancer management
and personalized treatment strategies.
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Methods

Analysis of Organ-Specific Expression

To characterize the expression profile of SSR2 across
normal human tissues, we integrated data from the HPA
(https://www.proteinatlas.org/) and the GTEx public repos-
itory (https://gtexportal.org/home/). Specifically, transcript
abundance metrics, quantified as TPM values, were lever-
aged to delineate the distribution patterns and expression
magnitudes of SSR2 within diverse populations. The con-
sensus dataset consists of normalized expression (n'TPM)
levels for 55 tissue types, created by combining the HPA
and GTEXx transcriptomics datasets using the internal nor-
malization pipeline. Color-coding is based on tissue groups,
with each consisting of tissues that share common func-
tional features. The Kaplan-Meier (KM) method was used
to estimate survival rates and plot survival curves for each
group, with intergroup comparisons conducted using the
Log-rank test.

Cancer Expression Patterns and Pathological
Staging Analysis

To comprehensively evaluate SSR2 transcript abun-
dance across diverse malignancies, such as breast, lung,
and renal carcinomas, we harmonized datasets derived
from (TCGA,; https://portal.gdc.cancer.gov/) and the GTEx
project. Subsequent statistical computations were executed
via the Xiantao analytical platform. Furthermore, using the
GEPIA? interface (http://gepia2.cancer-pku.cn/), we delin-
eated differential SSR2 expression profiles between malig-
nant specimens and their normal counterparts, while simul-
taneously interrogating potential correlations between tran-
script levels and pathological tumor staging.

Analysis of Mutations and Methylation

Leveraging the cBioPortal platform, we systemati-
cally characterized the mutational landscape of SSR2 across
diverse malignancies to determine its prevalence and clin-
ical implications. Concurrently, we integrated CPTAC
datasets with the MethSurv platform to rigorously evalu-
ate SSR2 methylation profiles. Collectively, these multi-
omic analyses were designed to decipher the functional con-
sequences of such genomic and epigenetic aberrations on
SSR2-mediated oncogenic mechanisms.

Immune Infiltration Analysis

To elucidate the correlation between SSR2 transcript
levels and immune cell infiltration within the tumor mi-
croenvironment, we leveraged the TIMER2.0 platform (ht
tp://timer.comp-genomics.org/). We quantified infiltra-
tion abundances across diverse malignancies by integrating
multiple computational deconvolution algorithms, specif-
ically EPIC, MCPcounter, xCell, and TIDE. Our analy-
sis prioritized cancer-associated fibroblasts (CAFs), T lym-
phocytes, and natural killer (NK) cells, given their pivotal
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roles in driving tumor progression and mediating immune
escape mechanisms.

Statistical Analysis

Statistical analyses were conducted leveraging the
integrated computational modules of established bioin-
formatics platforms, including TIMER2.0, CIBERSORT,
GEPIA2, and cBioPortal. The analytical framework em-
ployed diverse statistical approaches, specifically linear re-
gression modeling, partial correlation analysis, and log-
rank testing. For comparisons between two groups, nor-
mal distribution and homogeneity of variance were first as-
sessed, and either paired or unpaired ¢-tests were applied
accordingly. For continuous variables that did not meet
the normal distribution assumption, the Wilcoxon rank-sum
test was used. To ensure data integrity, all analyses were
subjected to tumor purity and corrected for multiple hypoth-
esis testing. A p-value cutoff of <0.05 was considered sta-
tistically significant across all assessments. Furthermore,
adherence to the platform-specific standard operating pro-
tocols was maintained to guarantee methodological rigor
and reproducibility.

Results

Expression of SSR2 in Healthy Human Tissues

Analysis of the HPA and GTEx databases showed that
SSR2 was widely expressed in healthy human tissues, with
the highest levels found in the pancreas, epididymis, and

ovary (Fig. 1).

Comparison of SSR2 Protein Expression Levels
Across Different Cancers

With the development of modern bioinformatics tools
and databases, a comprehensive analysis of the SSR2 pro-
tein structure and its expression patterns across differ-
ent species and cancers was provided in this study. The
goal was to reveal its potential biological functions in hu-
man health and disease. By utilizing databases such as
TCGA, CPTAC, and TCGA_GTEZX, researchers have ana-
lyzed the SSR2 protein sequence in humans (H. sapiens).
Analysis of TCGA (Fig. 2A) (Specific sample size data
are shown in Supplementary Table 1) and TCGA GTEx
(Fig. 2B) (Specific sample size data are shown in Sup-
plementary Table 2) data revealed significant differences
in SSR2 expression between cancer tissues and adjacent
non-cancerous tissues in several cancers, including urothe-
lial carcinoma (BLCA), invasive breast cancer (BRCA),
cholangiocarcinoma (CHOL), and colon cancer (COAD) (p
< 0.05). Data from the TCGA_GTEXx database also showed
a similar trend in diffuse large B-cell lymphoma (DLBC).
Analysis of the CPTAC database (Fig. 2C) revealed signifi-
cant differences in SSR2 protein expression between cancer
tissues and adjacent non-cancerous tissues in several can-
cers, including breast, colon, ovarian, clear cell renal cell

carcinoma, and endometrial cancers (p < 0.05). Further-
more, the study demonstrated that SSR2 expression levels
vary significantly across different stages of oral squamous
cell carcinoma (Fig. 2D), urothelial carcinoma (Fig. 2E),
clear cell renal cell carcinoma (Fig. 2F), and endometrial
cancer (Fig. 2G) (p < 0.05). The abbreviations for cancer
types (e.g., BRCA for breast invasive carcinoma) are de-
tailed in Supplementary Table 3.

Exploring How SSR2 Gene Expression Affects
Survival in Different Cancer Types

This study used data from the TCGA database to in-
vestigate variation in SSR2 protein expression across dif-
ferent cancer types. We further analyzed the relationship
between SSR2 expression and survival rates. The study
found that patients with high SSR2 levels in adrenocor-
tical carcinoma (ACC), esophageal cancer (ESCA), clear
cell renal carcinoma (KIRC), and hepatocellular carcinoma
(LIHC) had poorer survival, suggesting that higher SSR2
levels may be associated with worse outcomes in these
cancers (Fig. 3A). Conversely, in ovarian serous cystade-
nocarcinoma (OV), lower SSR2 expression was linked to
shorter overall survival. This finding suggests that high
SSR2 levels might confer protective effects and improve
treatment response. In the disease-specific survival (DSS)
analysis (Fig. 3B), higher SSR2 expression was associated
with shorter survival in ACC, ESCA, KIRC, kidney papil-
lary cell carcinoma (KIRP), and LIHC. The only exception
was lung adenocarcinoma (LUAD), where higher SSR2 ex-
pression correlated with longer survival. This result might
indicate that the SSR2 protein could have a protective effect
in OV and LUAD. Additionally, in the progression-free sur-
vival (PFI) analysis, patients with lower SSR2 expression in
ACC, ESCA, KIRC, and KIRP showed better progression-
free survival (Fig. 3C).

Impact of SSR2 Gene Mutations on Tumor Biology
and Prognosis in Various Cancers

Analysis using cBioPortal revealed a high mutation
frequency of the SSR2 gene in cancers such as uterine sar-
coma, hepatocellular carcinoma, and cholangiocarcinoma
(Fig. 4A). The high incidence of SSR2 mutations in these
cancers might suggest its important role in tumorigene-
sis. Survival analysis revealed no statistically significant
differences in overall survival (OS) (Fig. 4C), disease-
specific survival (DSS) (Fig. 4D), or progression-free sur-
vival (PFS) (Fig. 4E) between patients harboring SSR2 mu-
tations and those without mutations (p > 0.05). Analy-
sis of cancer patient samples allowed us to generate a dia-
gram illustrating the location of the R142Q/* missense mu-
tation within the critical TRAPS domain of the SSR2 pro-
tein (Fig. 4B), which may affect protein function and asso-
ciated cellular processes.
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Fig. 1. Expression of SSR2 in normal human tissues. (A) Consensus dataset. (B) HPA dataset. (C) GTEx dataset. SSR2, Signal
Sequence Receptor 2; HPA, Human Protein Atlas; GTEx, Genotype-Tissue Expression.

Methylation Patterns of the SSR2 Gene and Their jacent non-tumor counterparts (Fig. 5C) (p < 0.05). This
Clinical Significance in KIRC Prognosis unique epigenetic feature is evident in various cancers such
We analyzed the methylation of SSR2 in various can-  as BLCA, BRCA, KIRP, LIHC, PRAD, and UCEC. Upon

cer types and presented the results as a heatmap, as shown identifying substantial methylation variations in kidney re-
in Fig. 5A. The heatmap revealed significant differences ~ nal clear cell carcinoma (KIRC), the analysis was further
in methylation in KIRC, so we selected KIRC as the re- focused on the specific locus cg24557248. The generated
search subject. We further analyzed the methylation of heatmap illustrates methylation profiles across numerous
SSR2 in KIRC and presented the results as a heatmap, as ~ KIRC specimens, highlighting cg24557248 as the site with
shown in Fig. 5B. Examination of the SMART database ~ the most pronounced divergence. Notably, methylation sta-
uncovered marked disparities in CpG island methylation ~ tus at cg24557248 appears largely independent of demo-
intensities when comparing malignant tissues to their ad- graphic variables, including age, sex, clinical stage, and eth-
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cancers. (B) We analyzed SSR2 expression in cancers such as ACC, BLCA, and BRCA, and included data from the normal control
colon cancer, ovarian cancer, clear cell renal cell carcinoma, and endometrial cancer, using CPTAC sample data. (D-G) We analyzed

0.05. Abbreviations for all cancer types are defined in Supplementary Table 3. TCGA, The Cancer Genome Atlas; ACC, adrenocortical

group of the GTEx database. (C) We analyzed the expression distribution of SSR2 protein in specific cancers, including breast cancer,
changes in SSR2 mRNA expression across different stages (I to IV) of oral squamous cell carcinoma, urothelial carcinoma, clear cell

TCGA database, we applied the TIMER?2 tool to compare SSR2 expression levels between cancerous and adjacent tissues in different

renal cell carcinoma, and endometrial cancer using TCGA data. * p < 0.05,

Fig. 2. Analysis of SSR2 prote

carcinoma; BLCA
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Fig. 3. Expression and survival analysis of the SSR2 gene across different types of cancer. (A,B) show results based on data from
the TCGA database. The GEPIA2 tool was used to analyze the relationship between SSR2 gene expression levels and overall survival
(0S) (A), disease-specific survival (DSS) (B), and progression-free interval (PFI) (C) in patients with various cancers. * p < 0.05.
Abbreviations for all cancer types are defined in Supplementary Table 3.

nicity (Fig. 5D). This observation suggests that methylation =~ than host-related factors. We identified the peak of the
dynamics at this locus are primarily regulated by tumor-  curve, and the corresponding x-axis value was taken as
intrinsic biological mechanisms specific to KIRC rather the optimal cut-off point (8 = 0.010) (Fig. 5E). Further-
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more, Kaplan-Meier survival curves demonstrate that el-
evated methylation at cg24557248 correlates significantly
with prolonged overall survival (Fig. 5F).

Analysis of SSR2 in Tumor Microenvironment
Immune Infiltration

This study employed several computational algo-
rithms to investigate the interactions among SSR2, cancer-
associated fibroblasts (CAF), and T cell NK cells, thereby
revealing the effect of SSR2 on tumor progression. Us-
ing the TIMER?2.0 platform and algorithms such as EPIC,
MCPCOUNTER, XCELL, and TIDE, we initially investi-
gated the role of SSR2 expression in regulating CAF in-
filtration within the TCGA database (Fig. 6A). Our find-
ings revealed a strong positive correlation between higher
SSR2 expression and CAF infiltration across most cancer
types, particularly in head and neck squamous cell carci-
noma (HNSC) (Fig. 6B), kidney papillary cell carcinoma
(KIRP) (Fig. 6C), and testicular germ cell tumors (TGCT)
(Fig. 6E). Conversely, in prostate cancer (PRAD) (Fig. 6D),
we observed a significant negative correlation between ele-
vated SSR2 expression and CAF infiltration. Subsequently,
we examined the relationship between SSR2 expression and
T cell/NK cell infiltration (Fig. 6F). Utilizing the XCELL
algorithm, we identified notable positive correlations in
hepatocellular carcinoma (LIHC) (Fig. 6J), kidney papil-
lary cell carcinoma (KIRP) (Fig. 6I), and ESCA (Fig. 6H),
where increased SSR2 levels corresponded with heightened
T cell/NK cell infiltration. These results imply that SSR2
may enhance anti-tumor effects by boosting T cell/NK cell
activity in these specific tumors. However, in uterine sar-
coma (UCS) (Fig. 6K) and ACC (Fig. 6G), high SSR2
expression was significantly negatively correlated with T
cell/NK cell infiltration, indicating that SSR2 might facil-
itate tumor progression by inhibiting the immune function
of these cells.

Discussion

This study found that the SSR2 gene is expressed at
the highest levels in the human pancreas, epididymis, and
ovary. Further analysis showed that SSR2 is highly ex-
pressed in cancers such as bladder urothelial carcinoma
(BLCA), invasive breast cancer (BRCA), cholangiocarci-
noma (CHOL), colon cancer (COAD), and diffuse large B-
cell lymphoma (DLBC). The varying expression levels of
SSR2 in cancer tissues highlight its importance in tumor
biology. These findings are statistically significant and in-
dicate that SSR2 could be a valuable biomarker for early
cancer detection and disease monitoring. Previous studies
have shown higher SSR2 expression in hepatocellular car-
cinoma [9,10] tissues compared to adjacent non-cancerous
tissues, consistent with our findings.

Survival analysis indicates that high expression lev-
els of SSR2 are linked to poorer overall survival rates in
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patients with ACC, ESCA, and clear cell renal carcinoma
(KIRC). Conversely, lower SSR2 expression is associated
with worse survival outcomes in patients suffering from
serous cystadenocarcinoma (OV). These observations un-
derscore the prognostic significance of SSR2, suggesting
its potential role in guiding personalized treatment strate-
gies. Currently, existing clinical data suggest that in hep-
atocellular carcinoma (HCC), patients with higher expres-
sion levels of SSR2 have poorer survival [9]. Additionally,
high expression of SSR2 is also associated with adverse re-
sponses to the first-line targeted drug Sorafenib and poor
clinical outcomes in liver cancer patients [11]. The op-
posite effects of SSR2 on survival across different cancer
types highlight its complex biological functions and under-
score the need for further investigation into the underlying
mechanisms. Notably, significant variations in SSR2 ex-
pression have been observed across different stages of oral
squamous cell carcinoma, urothelial carcinoma, clear cell
renal carcinoma, and endometrial carcinoma. Previous re-
search has confirmed a positive correlation between high
SSR2 expression and factors such as capsule invasion and
tumor grading in hepatocellular carcinoma [12]. However,
there remains a gap in the literature regarding the explo-
ration of SSR2’s relationship with clinicopathological fea-
tures or survival outcomes in other cancer types.

Analysis of SSR2 mutations has revealed a high fre-
quency of alterations in uterine sarcoma, hepatocellular car-
cinoma, and cholangiocarcinoma. The primary type of mu-
tation identified is gene amplification, with the most com-
mon missense mutation occurring at the R142Q site. These
findings suggest a potential connection between SSR2 mu-
tations and tumor development. However, survival analy-
sis shows no significant differences in outcomes between
patients with SSR2 mutations and those without, indicat-
ing that while these mutations are prevalent, they may not
have a direct impact on patient prognosis. Nonetheless, mu-
tations in critical domains of SSR2 could disrupt its nor-
mal function and contribute to tumorigenesis, supporting
the idea of developing targeted therapies against SSR2 for
affected patients. Gene amplification is known to promote
tumor cell growth and invasiveness. For instance, experi-
mental studies have shown that inhibiting ADAR1 expres-
sion can reduce these aggressive phenotypes, while over-
expression can enhance them, suggesting that amplification
directly contributes to tumorigenesis. Similarly, in bladder
cancer, amplifications of oncogenes such as int-2 and erbB-
2 are linked to highly malignant tumors, potentially accel-
erating tumor progression by disrupting genomic stability
and promoting cell proliferation. However, to date, no stud-
ies have conclusively demonstrated that SSR2 gene ampli-
fication directly promotes tumor cell proliferation. Mul-
tiple studies have indicated that gene mutations have an
impact on the progression and survival prognosis of var-
ious cancers, such as endometrial cancer [13], colorectal
cancer [14-16]. For example, mutations in genes such as
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Fig. 5. Analysis of SSR2 gene methylation levels and their biological significance in kidney clear cell carcinoma (KIRC). The
following sections describe the findings on SSR2 gene methylation. (A) The methylation status of the SSR2 gene across different cancer
types was analyzed using the MethSuv tool and shown as a heatmap. (B) Methylation heatmap specifically for the SSR2 gene in KIRC.
(C) CpG (Cytosine-phosphate-Guanine) cluster methylation values for various cancer types (SMART database). (D) Comparison of SSR2

gene methylation levels across genders, ethnicities, age groups, and clinical stages using the MethSuv tool. (E) The methylation cutoff

point was determined using the maxstat method. (F) Survival analysis based on methylation at the cg24557248 locus was performed using
the Kaplan-Meier method. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, NS (Not Significant): p > 0.05. Abbreviations

for all cancer types are defined in Supplementary Table 3.

RAS, BRAF, mismatch repair (MMR) genes, TP53, and
SMAD4 have prognostic value in patients with colorectal
cancer liver metastasis [16].

This study investigates the methylation patterns of the
SSR2 gene in kidney renal clear cell carcinoma (KIRC) and

examines their potential implications for cancer progno-
sis. Our findings reveal a significant difference in methyla-
tion levels at the cg24557248 site when comparing cancer-
ous tissues to adjacent non-cancerous tissues, a result that
is corroborated by data from the SMART database. The
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Fig. 6. Analysis of the correlation between SSR2 gene expression and immune cell infiltration in the tumor microenvironment.

(A) Using the TCGA database, the correlation between SSR2 gene expression and cancer-associated fibroblast (CAF) infiltration levels
was analyzed. Four algorithms—EPIC, MCPCOUNTER, XCELL, and TIDE—within the TIMER 2.0 tool were applied for this analysis.
(B—E) Scatter plots illustrated the correlation between SSR2 gene expression and CAF infiltration levels in four cancer types: head and

neck squamous cell carcinoma (B), kidney papillary cell carcinoma (C), prostate cancer (D), and testicular germ cell tumors (E), using the

four algorithms mentioned above. (F) We analyzed the correlation between SSR2 gene expression and natural killer (NK) cell infiltration

using the XCELL algorithm. (G-K) Scatter plots displayed the relationship between SSR2 gene expression and NK cell infiltration levels

in adrenocortical carcinoma (G), esophageal cancer (H), kidney papillary cell carcinoma (I), hepatocellular carcinoma (J), and uterine

sarcoma (K), with correlations assessed by the XCELL algorithm. Abbreviations for all cancer types are defined in Supplementary

Table 3.

notable change in methylation at the cg24557248 site in
KIRC samples suggests its potential as a valuable prog-
nostic biomarker, as evidenced by Kaplan-Meier survival
curves analysis, indicating that higher methylation levels at
this site are linked to longer survival rates. This relation-
ship underscores the possibility that the methylation sta-
tus at ¢g24557248 could influence clinical outcomes inde-
pendently of demographic variables such as age, gender,
clinical stage, and ethnicity. This suggests that the regu-
lation of methylation at the cg24557248 site may be pre-
dominantly influenced by tumor-specific biological mech-
anisms in KIRC. Additionally, previous research has shown
that promoter methylation of genes like sFRP1, MLH1, and
RASSF1A in colorectal cancer can inhibit gene expression
and potentially disrupt DNA repair and apoptosis pathways,
thereby increasing tumor cell proliferation and invasive-
ness. Numerous studies have shown that the methylation
levels of oncogenes differ in tumor tissues and are corre-
lated with tumor-related biological behaviors. For instance,
the methylation levels of multiple genes, including SP1,
were measured in tumor and paired normal tissues from 50
patients. The results indicated that the methylation level of
the SP1 gene in tumor DNA was consistently higher than
in normal tissues across all patients and different clinical
subgroups (such as different tumor sites and stages) [17].
Moreover, in cases where histological classification is chal-
lenging, such as thyroid follicular-patterned tumors, ma-
chine learning models based on DNA methylation profiles
can effectively distinguish between benign and malignant

tumor subtypes [18]. Additionally, in the analyzed breast
cancer tumor tissues, the proportion of abnormal methyla-
tion in the RASSF1A gene promoter was very high (93%),
and even in the corresponding non-tumor (adjacent) tis-
sues, a high proportion of methylation (67%) was observed.
By correlating methylation status with clinicopathological
characteristics, the study concluded that promoter methyla-
tion of the RASSF1A gene is significantly associated with
larger tumor volume and higher tumor histological grade
[19].

This contrasts with our conclusion that SSR2 gene
methylation leads to longer survival in KIRC patients, and
currently, no studies indicate that SSR2 gene methylation
patterns affect tumor cell proliferation and progression. The
TRAP complex preferentially binds misfolded proteins,
such as NHK, during ER-associated degradation (ERAD),
rather than normally folded proteins. When the TRAP func-
tion is lost, abnormal proteins are degraded less efficiently,
leading to increased burden and stress on the endoplasmic
reticulum [20].

Furthermore, the investigation of the immune mi-
croenvironment reveals a complex relationship between
SSR2 expression and immune cell infiltration. This rela-
tionship is especially notable with cancer-associated fibrob-
lasts (CAFs) and T cells/NK cells. Tumor-associated fi-
broblasts (CAFs) are part of the tumor microenvironment
and promote cancer cell growth and invasion by secret-
ing various growth factors and cytokines. We used various
computational methods, including TIMER2.0 and XCELL,
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to identify a strong positive correlation between elevated
SSR2 expression and CAF infiltration across multiple can-
cer types, especially HNSC, KIRP, and TGCT. Existing
evidence [21] has shown that the crosstalk between CAFs
and cancer cells creates a favorable microenvironment for
tumor progression through epithelial-mesenchymal tran-
sition. In contrast, the negative correlation observed in
PRAD suggests that SSR2 may contribute to reducing im-
mune evasion. Additionally, a positive association was ob-
served between SSR2 expression and T cell/NK cell infil-
tration in LIHC, KIRP, and ESCA. Research has demon-
strated [22] that in lung cancer and lymphoma, NK cells ex-
pressing high levels of immune checkpoint molecules gen-
erate an immunosuppressive microenvironment by inhibit-
ing dendritic cells and CD8+ T cell activity, which leads
to treatment resistance. Similarly, in hepatocellular carci-
noma, the infiltration of exhausted T cells and NK cells is
positively correlated with tumor invasiveness. This leads
to poorer survival rates due to decreased cytotoxic func-
tion and enhanced immune evasion mechanisms [23]. In
esophageal cancer, the accumulation of exhausted T cells
and NK cells is associated with resistance to PD-1 inhibitors
[24]. Additionally, in endometrial cancer, dysfunctional
NK cells enhance immune suppression through interactions
with macrophages, potentially counteracting anti-tumor ef-
fects [25]. CAFs, as one of the most abundant and crit-
ical stromal cell components in the tumor microenviron-
ment (TME), profoundly influence the occurrence and de-
velopment of cancer through various complex mechanisms
[26]. CAFs actively remodel the stroma surrounding tu-
mors by depositing extracellular matrix (ECM) components
and secreting matrix-degrading enzymes [27]. This leads
to tumor stromal fibrosis (desmoplastic reaction), creating
a stiffer physical and biochemical environment more con-
ducive to tumor progression and metastasis [28]. Natural
Killer T (NKT) cells are a unique subset of T lymphocytes,
characterized by their co-expression of receptors or surface
markers typically associated with T cells and NK cells. In
patients with various cancers (including hepatocellular car-
cinoma, breast cancer, and ovarian cancer), the number of
NKT cells in peripheral blood and tumor tissues is often
reduced, and their functions, such as cytokine production
(e.g., IFN-v) and cytotoxicity, are impaired [29]. This func-
tional exhaustion is associated with cancer progression and
poor prognosis. Current studies have confirmed that the
“cytotoxic activity” of NKT cells is directly linked to anti-
tumor immune responses [30].

The negative correlations observed in UCS and ACC
suggest potential immunosuppressive roles in certain tumor
types. However, no experimental evidence shows that the
SSR2 gene drives tumor progression by reshaping the tu-
mor microenvironment and enhancing immune evasion via
regulating CAFs, T cells, and NK cells.

In conclusion, our comprehensive analysis of SSR2
across various cancer types has shed light on its expression

patterns and prognostic significance, emphasizing its poten-
tial as a therapeutic target. However, some limitations must
be acknowledged. Firstly, our study predominantly utilized
public databases, which may lead to underrepresentation of
certain cancer biopsy samples or patient populations. Fur-
thermore, our findings were based on bioinformatics pre-
dictions that necessitate experimental validation to confirm
SSR2’s functional roles. Therefore, future research should
prioritize the experimental validation of these results and
delve into the mechanisms by which SSR2 operates in can-
cer biology. This approach will not only enhance our under-
standing of SSR2 but also facilitate the development of its
clinical utility in cancer treatment, ultimately contributing
to the advancement of personalized therapeutic strategies.

Conclusions

This study reveals significant variations in SSR2 ex-
pression, mutations, and methylation across various can-
cers, suggesting that SSR2 holds promise as a target for
both diagnosis and treatment. The differences in SSR2 ex-
pression among different cancers indicate that this receptor
may play diverse roles in tumor progression. SSR2 interacts
within the TME and may influence immune regulation and
tumor dynamics, with particularly notable effects on fibrob-
lasts and T/NK cells. These findings provide new insights
into the multifunctional role of SSR2, which could optimize
cancer diagnosis and treatment strategies, paving the way
for future studies focused on its underlying mechanisms and
clinical applications in cancer. While analyses from multi-
ple public databases have yielded positive results, it is cru-
cial for future research to include experimental validation
and clinical trials to confirm these bioinformatics findings
and support their application in precision medicine. Subse-
quent studies should further elucidate SSR2’s mechanisms
of action across various tumors, validate its effectiveness
as a biomarker, and accelerate the development of safe and
effective targeted therapeutic strategies.
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